INTRODUCTION
Yeast cells are able to synthesize all precursors necessary for their macromolecular components such as DNA, RNA and protein from basic nutrients such as glucose, ammonia, inorganic phosphate and sulphate. In general, however, organic precursors, e.g. amino acids, are provided by the environment, although in variable and often imbalanced amounts, e.g. in grape musts (Amerine & Ough, 1980) . Regulatory mechanisms have thus evolved to curtail the cell's own amino acid synthesis in response to external amino acid supply (Niederberger et al., 198l) , since uptake is energetically more favourable (Brenner & Ames, 1971) .
In Saccharornyces cerevisiae as in other eukaryotic fungi, e.g. Neurospora crassa (Carsiotis & Jones, 1974) or Aspergillus nidulans (Piotrowska, 1980) , a regulatory mechanism called the 'general control of amino acid biosynthesis' (Delforge et al., 1975) has been found to co-regulate the synthesis of a number of enzymes of branched pathways of amino acid biosynthesis and of the basic amino acid biosynthetic pathways. This was demonstrated with the help of regulatory mutant strains defective in genes NDRI, NDR2 (allelic to AASI), and AAS2 (Niederberger et al., 1981 ; Wolfner et al., 1975) . These mutant strains are unable to derepress enzymes under the general control and grow considerably slower than wild-type cells under amino acid limitation, induced by amino acid analogues (Schurch et al., 1974) , bradytrophic mutations or external amino acid imbalance (Niederberger et al., 1981) . It was proposed that the general control is important in the maintenance of an adequate supply of each amino acid. Wolfner et al. (1975) have isolated a mutant strain defective in a regulatory gene, TRA3, which at the same time was constitutively derepressed for enzymes under the general control and led to G 1-arrest at elevated temperature. They proposed, therefore, that mechanisms must exist to coordinate cell proliferation with the availability of essential inorganic and organic nutrients. Upon starvation for a number of basic nutrients, S. cerevisiae cells accumulate in the G1-phase of the mitotic cycle as unbudded cells at a point called 'Start' (for review see Pringle & Hartwell, 198 1) . Much less is known about the influence of limitations for organic nutrients such as amino 0022-1 287/83/0001-0960 $02.00 0 1983 SGM
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acids. Unger & Hartwell (1976) have shown that S. cerevisiae also accumulates at Start during deprivation of charged tRNAMet and have proposed a signal at the level of protein synthesis to be involved. Shilo et al. (1978) found about 80% unbudded cells after starvation for methionine or histidine.
In this work, we undertook a systematic study of the influence of amino acid limitation on cell growth and division. We show that there exists a fundamental difference between limitations for basic nutrients and for amino acids (or charged tRNA) since cells grew bigger in the latter case, rather than smaller. Mutation ndrl-l is found to have two major effects: first, it leads to uncoordination between cell growth and cell division under mild amino acid limitations, and thereby much bigger cells with shmoo-like morphology may occur (Bucking-Throm et al., 1973) ; secondly, it leads to a faster loss of cell viability under severe amino acid limitations.
METHODS
Organisms. Saccharomyces cerevisiae wild-type strain X2180-1 A a was obtained from T. Manney, Manhattan, Kansas, U.S.A. The bradytrophic (leaky auxotrophic) strains were isolated as described previously (Niederberger et af., 1981) . The non-derepressing (Ndr) regulatory mutant strain RH375 (ndrf-f) arose as a 5-methyltryptophansensitive mutant strain from strain X2180-1A after mutagenesis with N-methyl-N'-nitro-N-nitrosoguanidine (Schiirch et af., 1974) . The other Ndr-mutant strains RH428 (ndrl-2) and RH487 (ndr2-I) have also been described earlier (Schiirch et af., 1974) . Strain 4298-9C (aas2) was kindly provided by G. Fink, Cornell University, Ithaca, New York, U.S.A. Strain RH700 carrying mutation ilsl-l (leading to a temperature-sensitive isoleucyl-tRNA synthase; McLaughlin et al., 1979) , was derived from strain ts341 (obtained from the Yeast Genetic Stock Center, University of California, Berkeley, CA, U.S.A.) by two backcrosses with strain X2180-1A. All double-mutant strains carrying bradytrophic, auxotrophic (feu2-2) or temperature-sensitive (ilsl-2) mutations in addition to mutation ndrf-2 (or other ndr mutations) were constructed by crosses ('spore en masse' technique, Fowell, 1966; or tetrad dissection, Johnston & Mortimer, 1959) . They were identified as being both 5-methyltryptophan-sensitive and partly or completely deficient for a particular amino acid, or being temperature-sensitive.
Media and growth conditions. Minimal medium MV [0-145% (w/v) Difco yeast nitrogen base, 0.525% (w/v) ammonium sulphate, 2% (w/v) glucose] was buffered to pH 4-0 with 1 % (w/v) succinic acid and 0.28% (w/v) potassium hydroxide. L-Amino acids were filter-sterilized and added to the medium before use at concentrations as indicated in the text. Nitrogen-free MV-medium was prepared as described above but ammonium sulphate was omitted. YEPD-agar [2% (w/v) Oxoid peptone, 1 % (w/v) Oxoid yeast extract, 2% (w/v) glucose, 2% (w/v) Bacto agar] was used for determination of viable cell number (see below). For all experiments, exponentially growing cells (viable cell count approx. 1 x lo7 ml-*) were used. The cells were cultivated in baffled Erlenmeyer flasks (four indentations) to provide adequate aeration, and incubated at 30 "C on a rotary shaker. Exceptions were strains RH700 and RH701, which were shaken in rotary water baths at 23 "C, 34 "C, or 37 "C. Measurement of cellgrowthparameters. Turbidity was determined in a Beckman 24 spectrophotometer at 546 nm with a 1 cm light path. All values were corrected for linearity after the method of Bestic & Arnold (1976). Dry weight was determined from 100 ml of cell culture. The cells were harvested on pre-weighed Millipore filters (HAWP 047SO; 0.45 pm pore size), washed twice with 10 ml ice-cold water and dried to constant weight at 70 "C for at least 24 h. For extraction of RNA and DNA, 200 ml cultures were harvested on the same Millipore filters, washed twice with 10 ml ice-cold water and twice with ice-cold 0.25 M-HCIO,. The cells at this stage were stored frozen at -80 "C on the filters. RNA and DNA in the samples was determined by the procedure of Stewart (1975) . The cells were washed off the filters with a total volume of 20 ml 0-25 M-HCIO, and the suspension was left for 15 min on ice. This procedure was repeated once with centrifugation steps in between and after; each time the supernatant was discarded. HCIO, (0.5 M; 2 ml) was added and the suspension was incubated at 37 "C for 2 h. After centrifugation, the supernatant was transferred to a graduated centrifuge tube. The sediment was washed once with 2 ml0-5 M-HCIO, and after centrifugation both supernatants were pooled in the graduated centrifuge tube. The hydrolysed RNA solution in this tube was made up to 5 ml and stored for RNA determination. The cell sediment was resuspended in 1 ml 0.5 M-HCIO, and incubated at 70 "C for 15 min. After centrifugation, the supernatant was transferred to a graduated centrifuge tube. The same extraction procedure was repeated twice and the pooled supernatants made up to 5ml and stored for DNA determination. RNA was determined in duplicate samples from 0.3 ml of extract (diluted to about 100 pg RNA ml-l) mixed with 0.5 ml orcinol reagent [ 1 vol. 1 % (w/v) orcinol solution mixed with 4 vol. 0.09% (w/v) FeCI, .6H,O in conc. HCl]. After boiling for 20 min and cooling to room temperature, n-butanol (2 ml) was added. Absorbance was read at 670 nm. As a standard, soluble RNA from yeast (Sigma; 25 to 200 pg) was used. DNA was determined in duplicate samples from 2 ml of extract mixed with 0.4 ml conc. HClO, and 1.6 ml of diphenylamine reagent [4% (w/v) diphenylamine in glacial acetic acid in 0.01 % (v/v) paraldehyde]. Colour was developed for at least 20 h at room temperature in the dark.
Absorbance was read at 600 nm against a reagent blank. As a standard, calf thymus DNA (sodium salt; Fluka, Buchs, Switzerland; 10 to 8Oyg) was used. Protein was determined according to a procedure described by Johnston et al. (1977) , which was modified as follows: 1 ml of the cell culture was mixed with 5 ml of 5% (w/v) TCA and kept on ice for 30 min. After centrifugation, the supernatant was discarded, the pellet resuspended in 2 ml 95% (v/v) ethanol and the cells centrifuged again. The pellet was extracted for 5 min by boiling in 0.5 MNaOH (see Herbert et al., 1971) ; 2.5 ml of CuS0,-tartrate reagent [l part 12.5% (w/v) CuSO4.5H,O in 25 parts 1 % (w/v) potassium sodium tartrate; 1 part of this solution in 25 parts 5% (w/v) Na2C03] was then added and the mixture left for 10 min at room temperature. Folin-Ciocalteu reagent (0.5 ml, diluted 1 : 1 in H,O) were added and absorbance was determined at 500 nm after 30 min. As a standard, BSA (20 to 75 pg) was used.
Measurement of cell division and budding. For determination of viable and total cell numbers and of budding degree, samples were mildly sonicated with a MSE 150W ultrasonic disintegrator (microtip ethanol sterilized ; amplitude 14 pm; sonication time 15 s with ice cooling) to destroy cell clumps. Viable cell number was determined after appropriate dilution in distilled water and triplicate platings were made on YEPD-agar. Colonies were scored after 2 to 5 d. Total cell number was determined with a Celloscope 302 haemocytometer (AB Lars Ljungberg, Stockholm, Sweden; aperture diameter 48 ym; settings: aperture current, 8 ; multiplier, 1/4; discriminator, 14). Cells were fixed in equal volumes of formalin [4% (v/v) in 0.15 M-NaCl] before counting. The degree of budding was determined with formalin-fixed, sonicated cells as described above. Between 200 and 300 cells were classified under the microscope for each determination.
Photomicroscopy. Cells growing in liquid MV-medium were mildly sonicated as described above and spread immediately on Nobel agar squares [Difco; 20% (w/v); about 1 mm thick] mounted on glass slides. Cells were allowed to settle and dry for 1 min and a cover slip put on top. Photomicrographs were taken with a Zeiss-Photomicroscope 111 on Ilford FP4 films.
Enzyme assays. Indole-3-glycerol-phosphate synthase [ 1 -(2'-carboxyphenylamino)-l -deoxyri bulose-5-phosphate carboxy-lyase (cyclizing), EC 4.1.1.481 was determined in Triton X-100-permeabilized cells as described previously (Miozzari et al., 1978a, 6) .
R E S U L T S

Influence of the general control on cell division, cell growth and macromolecular synthesis
We have shown that mutation ndrl-l leads to slower growth rates during conditions of limitation of several amino acids, whether induced by bradytrophic mutations or by external amino acid imbalance (Niederberger et al., 1981) . Calculation of growth rates was based solely on turbidity measurements. Since turbidity is not linked to any particular cellular parameter, we monitored cell growth by measuring accumulation of dry weight and macromolecules, and cell division by measuring viable and total cell counts. We tested the influence of mutation ndrl-1 on these parameters under lysine, arginine and leucine limitation respectively, all induced by bradytrophic mutations of varying leakiness (Fig. 1) . The strains were grown on MV-medium supplemented with the appropriate amino acids in amounts that led to their exhaustion during the exponential growth phase. In the bradytrophic strains, all cellular components were found to accumulate coordinately under amino acid limited growth, even though some lack of coordination was observed at the beginning ( Fig. 1 a, c, e) . Under the influence of mutation ndrl-I, all cellular components still accumulated coordinately, but viable cell count clearly lagged behind ( Fig. 1 b, d , f ) . This could be interpreted in two ways: either the cells grew bigger or part of them lost their viability. In the leucine bradytrophic (leu *) ndrl-1 double-mutant strain RH669, the decreasing viable cell count indicated loss in cell viability (Fig. If>. For the other strains, discrimination between the two alternatives was possible only by monitoring both total and viable cell count. If cells grow bigger, the ratio between viable and total cell count should stay constant, whereas it should decrease upon cell death. Furthermore, the ratios between turbidity (established as a representative measure of cell growth, as shown in Fig. 1 ) and viable cell count should go in parallel with the ratio between turbidity and total cell count. In Fig. 2 , these three ratios are plotted for the same strains as used in Fig. 1 . As expected, the ratios remained relatively constant in the strains with an intact NDRl gene, even though some imbalance in the transient to amino acid limited growth was observed (Fig. 2a, c, e) . Under the influence of mutation ndrl-1, a permanent lack of coordination between cell growth and cell division became obvious (Fig. 2b, d , f ) . The ratio between turbidity and viable cell count always increased more than the ratio between turbidity and total cell count. The greater the amino acid Fig. 1 . Kinetics of growth of three bradytrophic NDRZ and bradytrophic ndrZ-Z mutant strains in the transient to amino acid-limited growth. After pre-culturing the strains for 8 h in MV-medium, supplemented with amino acids as indicated below, they were inoculated into identical media and grown for 15 h to a turbidity value of 0.6 to 0.9 (approx. 1.0 x lo7 to 1.5 x lo7 cells ml-l). (a) RH654 (lys'); (b) RH737 (lys' ndrl-l) supplemented with lysine (15 pg ml-l) and arginine (50 pg ml-l); (c) RH660 (arg'); (d) RH666 (argk ndrl-I) supplemented with arginine (20 pg ml-l); (e) RH657 (leu'); ( f ) RH669 (leu' ndrl-1) supplemented with leucine (15 pg ml-*) and valine (30 pg ml-l). Subcultures were made for all strains (except for strain RH669) at 29 h into fresh MV-medium, to keep cells in exponential growth. All values for samples from these subcultures were corrected for the dilutions made. 0 , Turbidity at 546 nm; A, protein (lo2 x pg ml-I); 1, RNA [lo2 x pg ml-l for (a) to (d) and 10 x pg ml-l for (e) and (.r>]; A, DNA [pg ml-l for (a) to (d) and lo-' x pg ml-l for (e) and ( f ) ] ; 0, dry weight [lo3 x pg ml-' for (a) to (d) and lo2 x pg ml-* for (e) and (n]; 0, viable cell count [ x lo7 ml-l for (a), (b), (e) and (fl and x lo8 ml-l for (c) and (d)]. Procedures for the determination of the different parameters are described in Methods.
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limitation became (from Fig. 2b to d to f) , the more pronounced was this difference. Accordingly, the ratio between viable and total cell count decreased. These data suggested that under slight limitations, ndrl-1 mutant cells grew bigger without substantial loss in cell viability, whereas under more severe limitation loss of cell viability became more important. (e) RH657 (leu'); (f) . 0, Ratio of viable to total cell count; A, ratio of turbidity to viable cell count; 0, ratio of turbidity to total cell count.
75
Similar observations were also made under the influence of external amino acid imbalance. Earlier work showed that an excess of lysine leads to an arginine limitation, an excess of leucine to a valine limitation, and an excess tyrosine together with phenylalanine to a tryptophan limitation (Niederberger et al., 1981) . Whereas the growth of wild-type (NDRI) cells was inhibited by only about 20%, ndrl-l mutant cells were inhibited by 70 to 80% by these amino acids. The amino acids lysine or leucine (2 mM), added to cells growing in minimal MV-medium, led to comparable increases in the ratios between turbidity and viable cell count and between turbidity and total cell count, i.e. the ratio between viable and total cell count stayed constant in strain RH375 (ndrl-I), whereas little change in either ratio was found in the wild-type strain (data not shown). This indicated an increase in cell size with little loss of cell viability for strain RH375 and essentially no effect on the wild-type strain. Addition of tyrosine and phenylalanine (2 mM) led to considerable loss of cell viability in strain RH375 (ndrl-I), whereas little effect was observed in the wild-type strain (Fig. 3a, b) .
One shortcoming of the experiments presented so far is the fact that cells under the influence of mutation ndrl-l were always more severely limited in growth, and thus no strict comparison between these and NDRl cells was possible. To investigate whether the effects observed were due solely to the more severe nutritional deprivation in ndrl-l mutant cells, mutations not allowing any cell division in both backgrounds were used. Replacing the leucine bradytrophy (of unidentified nature) of strain RH657 by mutation leu2-2 led to a complete stop in cell division; nevertheless the influence on the ratios as plotted in Fig. 2 ( e , f ) was essentially unchanged (data not shown for the leu2-2 ndrl-1 combination). As another example, strain RH700, carrying mutation ilsl-I (leading to a temperature-sensitive isoleucyl-tRNA synthetase, see McLaughlin et al., 1969) , was used. A shift from 23 "C to 34 "C led to a complete arrest of cell division (Fig.  4a) . Mutation ndrl-1 led to a drastic decrease in cell viability within 32 h of limited growth (Fig.  4b) . The corresponding ratios, as plotted in Fig. 4 (c and d) show a decreasing ratio between viable and total cell count in the ndrl-1 background. The ratios between turbidity and total cell count, however, increased similarly in the N D R l and ndrl-1 backgrounds, indicating bigger cells in both cases.
Cell size and cell morphology
An increase in the ratio between turbidity and total cell count has been interpreted so far as an increase in cell size, with no information on cell morphology, however. Photomicrographs were thus taken of cells from the same strains as presented in Fig. 1 , before and after 24 h of amino acid limited growth (Fig. 5) . No obvious changes in cell morphology were observed in bradytrophic strains, except for strain RH657 (leu k), in which cells grew bigger (Fig. 5a, b, e,fl i, j ) . Under the influence of mutation ndrl-2, however, a marked effect on cell size as well as cell morphology was found (Fig. 5c, d, g, h, k, I ). Most interestingly, mutation ndrl-1 led to shmoolike cells under the weak lysine limitation, very similar to a-factor-treated a cells ( Fig. 5d ; see Bucking-Throm et al., 1973) . Microscopic examination showed that the percentage of shmooshaped cells was about 55 %, whereas the other cells looked apparently normal (data not shown).
Under arginine limitation, elongated buds (Fig. 5 h ) (in about 40% of the cells) were observed, and under the strong leucine limitation, bigger cells of regular shape were seen (Fig. 5 j and 1) .
Other amino acid limitations, induced by serine or histidine bradytrophic mutations, respectively, combined with mutation ndr2-1 (see Niederberger et al., 1981) led to cells with elongated buds, similar to those observed under an arginine limitation (data not shown). Mutations leu2-2 and ilsl-2 led to bigger cells in both an ndrl-1 and an NDRI background as shown in Fig. 5 0' and l) . This observation confirmed the indirect evidence for a cell-size increase as deduced from the ratio between turbidity and total cell count (see above).
Why do ndrl-1 mutant cells lose their viability?
The basic difference originally observed between wild-type (NDR-1) and ndrl-2 mutant cells was the loss of the ability to derepress enzymes under the general control (Schurch et al., 1974) . It was known, however, from earlier reports, that derepression in N D R l cells occurred only under partial amino acid deficiency, e.g. in bradytrophic strains. Strictly auxotrophic strains did not show an enzyme derepression (Wolfner et al., 1975; and unpublished data from this laboratory). Strains and conditons were thus chosen where the dependence of viability on enzyme derepression could be compared under partial limitation and complete starvation. Strains RH657 (leu?) and RH761 (leu2-2) on the one hand, and strain RH700 (ilsl-I) at semipermissive (34 "C) and non-permissive (37 "C) temperature, respectively, on the other, provided such conditions. In addition, the influence of mutation ndrl-1 was tested, Strains RH657 and RH76 1 were shifted to MV-medium, and derepression of indole-3-glycerol-phosphate synthase (a tryptophan biosynthetic enzyme subject to the general control; see Schurch et al., 1974; Niederberger et al., 1981) was measured after 2, 6 and 24 h, respectively (Fig. 6 a and b) . Whereas the relative specific activity in strain RH657 increased 2.5-fold over 6 h, no derepression occurred in strain RH761. In the corresponding ndrl-1 double-mutant strains, the activity was found to be considerably decreased. Essentially the same trends for the enzyme levels were also observed for several other amino acid biosynthetic enzymes subject to the general control (data not shown). Both strains, RH657 and RH761, did not show significantly decreased cell viability, whereas their corresponding ndr2-1 double-mutant strains lost viability at comparable rates [ Fig. 2 ; data not shown for strains RH761 (leu2-2) and RH781 (leu2-2 ndr2-I)]. A similar situation was observed with strain RH700 (ilsl-1) (Fig. 6c, d ) . A transitory derepression occurred only upon shift to 34 "C, but not upon shift to 37 "C. On shifting to either temperature, strain RH701 (ilsl-2 ndrl-l) displayed markedly decreased enzyme levels, while strain RH700, irrespective of the shift temperature, largely kept its viability; the viable cell count of strain RH701 dropped at comparable rates upon shifting to either temperature (Fig 4; data not shown for shift to 37 "C).
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In conclusion, no correlation between cell viability and derepression of enzymes under the general control became obvious in wild-type (NDRI) cells; even under strict amino acid starvation conditions, viability was largely maintained. It is likely, however, that these NDRI cells maintained significantly higher enzyme levels than ndrl-l mutant cells; the latter, besides having slightly lower absolute enzyme levels before the onset of amino acid limitation (see legend to Fig. 6) , showed a further marked decrease under amino acid limited growth (Fig. 6) .
Another reason for the loss of viability in ndrl-1 mutant cells could be their inability to accumulate at Start. Two sets of experiments were done to test this: first, strains RH700 (ilsl-l NDRI) and RH701 (ilsl-l ndrl-I) were shifted to 34 "C and 37 "C, respectively, and secondly, wild-type ( N D R I ) and ndrl-l mutant cells were starved for the basic nutrients ammonia or glucose. In both cases accumulation at Start was monitored by counting the percentage of unbudded cells.
Cells of the wild-type strain RH700 (ilsl-I NDRZ) were found to accumulate in the unbudded state upon shift to 34 "C as well as to 37 "C (Fig. 7a) , whereas cells of strain RH701 (ils-l ndrZ-Z) did so only upon shift to 34 "C (Fig. 7b) . As mentioned above, cells of strain RH701 lost their viability at comparable rates upon shift to both temperatures. This showed that ndrl-1 mutant cells were able in principle to accumulate in the unbudded state but could not draw an obvious advantage for survival out of this.
Starvation for ammonia or glucose led to complete accumulation at Start in both NDRI and ndrl-1 backgrounds. No detrimental effect of mutation ndrl-1 on cell viability was found under these conditions (data not shown). This showed again that mutation ndrl-l did not influence in principle the ability to accumulate at Start, and further that the general control was not relevant under starvation for basic nutrients such as ammonia or glucose. The question arose, however, whether cells under limitations for amino acids (or charged tRNA) would reach the same or a different status before Start as under limitation for ammonia. This was tested in a reciprocal shift experiment.
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Cells of strains RH700 (ilsl-l NDRI) and RH701 (ilsl-l ndrl-l) were first deprived of ammonia until they accumulated completely in the unbudded state, and were then shifted to 34 "C and vice versa (Fig. 8 ). When cells of both strains were deprived of ammonia at 23 "C first, they both accumulated readily in the unbudded state after about 1.5 doublings (Fig. 8a and c) . When they were shifted to 34 "C after 8 h, they did not enter a new round of mitotic division, even though ammonia was added. Under these conditions, mutations ndrl -1 had no detrimental effect on viability. When cells of both strains were shifted to 34 "C first, they accumulated in the unbudded state, again after about 1.5 doublings (Fig. 8b and d) . When they were shifted back to 23 "C, after the ammonia had been removed from the medium, both strains underwent about two rounds of cell division before they accumulated in the unbudded state again. Are the diferent phenotypes due to one mutation only? Ndr-mutant strains were isolated on the basis of their sensitivity against the tryptophan analogue 5-methyltryptophan (Schurch et al., 1974) . This original phenotype was correlated with the 'non-derepressibility' of enzymes under the general control of amino acid biosynthesis (Miozzari et al., 1978a; Niederberger et al., 1981) . The experiments presented above show up two additional phenotypes: lack of coordination of cell growth with cell division and decreased cell viability. We wanted to demonstrate that these phenotypes are all due to mutation ndrl-l.
In the first case, co-segregation of mutation ndrl-1 (identified by its 5-methyltryptophan sensitivity) with the shmoo phenotype in the presence of the lysine bradytrophy of strain RH654 was tested. In a backcross analysis of strain RH654 with strain RH375 (ndrl-l), 432 random segregant clones were tested. Of 208 segregants carrying the ndrl-l mutation, 109 were found to form shmoo-cells on MV-medium. All of these were identified as lysine bradytrophic ndrl-2 double-mutant strains. The remaining 99 segregants produced no shmoo-cells and did not carry the lysine bradytrophy. The 224 segregants not carrying mutation ndrl-l did not produce shmoocells either.
In the second case, co-segregation of mutation ndrl-l with the loss of cell viability in the presence of mutation ilsl-I was tested. This co-segregation was confirmed in 15 tetrads of a backcross between strain RH701 (ilsl-l ndrl-l) and the wild-type strain X2180-1A (data not shown) .
We tested further the influence of mutations ndrl-2 (strain RH428), ndr2-1 (strain RH487) and aas2 (strain 4298-9C, see Wolfner et al., 1975) in combination with the same bradytrophic mutations as presented in Fig. 1 as well as in combination with mutation ilsl-1. They all led either to the same aberrant cell morphologies or to accelerated loss of cell viability as found in combination with mutation ndrl-l (data not shown).
DISCUSSION
Function of the general control in the maintenance of cell viability
The significance of a derepression of amino acid biosynthetic enzymes subject to the general control is still poorly understood. Several observations led to a puzzling picture of this regulatory system. First, most enzymes under the general control are not repressed by the corresponding amino acid and thus have abundant synthetic capacity (Hilger et al., 1973; Miozzari et al., 1978 a) . Second, derepression is non-coordinate, that is, under amino acid limitations, as induced by analogues or bradytrophic mutations, the degree of derepression varies from enzyme to enzyme and only some of the enzymes of a pathway are elevated (e.g. only four of the five tryptophan, and one of the three leucine biosynthetic enzymes are derepressed, see Miozzari et al., 1978a; Hsu et al., 1982) . Third, this non-coordinate derepression becomes negligible under amino acid limitations, when induced by external amino acid imbalance (Niederberger et al., 1981) .
The data presented here, however, show a significant difference in enzyme levels between wild-type (NDRI) and ndrl-l mutant cells under amino acid limitation. Whereas NDRI cells under all limitations were able to maintain at least the enzyme levels of non-limited growth conditions, these levels fell considerably in ndrl-l mutant cells under amino acid limitations, irrespective of how strong the limitations were and of how they were induced (Fig. 6 and Niederberger et al., 198 1) .
The function of the general control thus may be seen in the maintenance of adequately high (but not necessarily elevated) levels of amino acid biosynthetic enzymes, and this seems to be crucial for survival.
The diflerence between limitation for basic nutrients and amino acids Cells starved for basic nutrients such as carbon, nitrogen, sulphur or phosphorus sources accumulate at Start (Unger & Hartwell, 1976; Johnston et al., 1977) . Ammonia-starved cells have been found to grow considerably smaller before they finally stop cell division (Johnston et al., 1977) . The arrest at Start under such a nutritional limitation may be explained simply by the fact that such cells have not reached a critical size (Hartwell & Unger, 1977; Carter & Jagadish, 1978 ; Tyson et al., 1979) . The general control does not interfere with this basic mechanism, since ndrl-2 mutant cells accumulated at Start perfectly well under starvation for such basic nutrients.
Cells under amino acid limitations (or limitations for charged tRNA) appear to be able to accumulate at Start as well, provided this limitation is not introduced too abruptly (Unger & Hartwell, 1976) . Some auxotrophic mutations not allowing accumulation at Start may be considered as unphysiological in this respect. Yeast cells would hardly encounter such complete deprival of an amino acid in nature, but instead would encounter rather mild limitation like those occurring under external amino acid imbalance (Niederberger et al., 1981) . Our experiments, however, in which wild-type ( N D R I ) cells were subject to severe limitations under the influence of mutations leu2-2 or iZs1-1, showed a different effect on cell growth as compared with basic nutrients: upon accumulation at Start, they tended to grow bigger rather than smaller.
The major problem of cells accumulating at Start under amino acid limitation thus seems to be to curtail cell growth. In this situation, excessive cell growth would be prevented only by the initiation of a new cell division cycle. Indeed Shilo et al. (1978) produced evidence that the rate of cycle initiation is more sensitive to amino acid limitation than overall protein synthesis. They postulated a 'metabolic intermediate', most likely a protein or subunits of a protein, to be involved in the monitoring of the nutritional status. Ndrl-l mutant cells, especially under mild amino acid limitations, may have curtailed the synthesis of this particular protein much more than overall protein synthesis (or alternatively have a higher decay rate of this protein), which would result in the excessive cell growth observed.
The reciprocal shift experiments illustrate the difference between limitation for ammonia and amino acids: if starved for ammonia first, cells are too small to initiate a new cycle; if starved first for charged tRNA1le they are big enough and may initiate a new cycle. In the second case, they have most likely stored enough nitrogen compounds (mainly glutamine) inside the cells to traverse more than one further cell cycle, even though all the ammonia had been removed from the medium.
The loss of cell viability of ndrl-1 mutant cells under strong amino acid limitations has been shown to be independent of an accumulation at Start; thus it is not linked to a particular time in the mitotic cell cycle, and can be explained by the failure to maintain adequately high levels of amino acid biosynthetic enzyme (see preceding paragraph).
A comparison between ndrl-1 mutant cells and transformed malignant cells
It may be interesting to compare ndrl-1 mutant cells with some transformed, malignant higher eukaryotic cells. Such cells continue to grow at sub-optimal nutrient concentration, under which normal cells stop growing (Holley, 1975) . Furthermore, transformed cells were reported to lose viability upon limitation for isoleucine or glutamine much faster than normal cells (Pardee, 1974) . The very similar behaviour of yeast ndr-mutant cells and transformed higher eukaryotic cells under amino acid limiting conditions is striking.
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